Direct contact membrane distillation process has been studied using microporous polytetrafluoroethylene and polyvinylidene fluoride membranes. The membranes were characterized in terms of their non-wettability, pore size distribution and porosity. The mean pore sizes and pore size distributions were obtained by means of wet/ dry flow method. The mean pore size and the e¤ective porosity of the membranes were also determined from the gas permeation test. A theoretical model that considers the pore size distribution together with the gas transport mechanisms through the membrane pores was developed for this process. The contribution of each mass transport mechanism was analyzed. It was found that both membranes have pore size distributions in the Knudsen region and in the transition between Knudsen and ordinary di¤usion region. The transition region was the major contribution to mass transport. The predicted water vapor permeability of the membranes were compared with the experimental ones. The e¤ect of considering pore size distribution instead of mean pore size to predict the water vapor permeability of the membranes was investigated.
Introduction
Direct contact membrane distillation (DCMD) is the most used configuration of the membrane distillation (MD) processes [1] . This refers to a thermally driven transport of water through microporous hydrophobic membranes. The membrane is maintained between a hot solution (i.e. feed side) and cold pure water (i.e. permeate side). Due to the hydrophobic nature of the membrane, liquid water cannot penetrate inside the dry membrane pores unless a transmembrane hydrostatic pressure exceeding the liquid entry pressure of water (LEPw), which is characteristic of each membrane, is applied. This condition results in the formation of liquid-vapor interfaces at the entrances of each membrane pore. In this process, the membrane acts only as a physical support for the vapor-liquid interfaces and does not contribute to the separation performance. If a temperature di¤erence is maintained between both sides of the membrane, a transmembrane vapor pressure is created. According to the theory of Non-Equilibrium Thermodynamics, water and volatile molecules evaporate from the hot liquid/vapor interface, cross the pores in vapor phase and condense on the liquid/vapor interface kept at lower temperature.
Other MD configurations, namely, sweeping gas membrane distillation (SGMD), vacuum membrane distillation (VMD) and air gap membrane distillation (AGMD) have been also reported [1] [2] [3] [4] . It must be stated that, in the case of solution with nonvolatile components such as sodium chloride, only water vapor flows through the membrane. Therefore, the retention degree of solutes is very close to 100%. In this sense, the potential utility of MD for production of high-purity water, concentration of ionic, colloid or other non-volatile aqueous solutions and removal of trace volatile organic compounds (VOCs) from waste water are well recognized [1] .
In MD literature, various mathematical models have been proposed to determine the MD flux depending on the considered MD configuration [1] [2] [3] [4] [5] [6] [7] . Generally, the analyses were based on the assumption that gas permeates through the porous hydrophobic membrane according to three contributions: Knudsen flow, Poisseuille or viscous flow, molecular di¤usion flow and the transition between them.
The physical nature of the mass transport through microporous and hydrophobic membranes was analyzed in DCMD assuming an uniform pore size of the entire membrane [5] . It was concluded that the mass transport takes place via combined Knudsen/molecular di¤usion mechanism. Nevertheless, due to pore size distribution of the MD membranes, more than one mechanism of mass transport can occur simultaneously through the entire membrane.
It was reported that the flux of commercial porous membranes, calculated assuming all pores having the same size and the one calculated with a Gaussian (symmetric) function are very similar and the predicted fluxes were lower than the experimental ones [6, 7] . However, in their calculation an adjustment factor (i.e. pore tortuosity) was assumed and mean pore sizes in each mass transfer region (i.e. Knudsen region, continuum region, and transition region) were considered.
In this study, a theoretical approach that considers the gas transport mechanism through each membrane pore individually, without considering any adjustment parameter, is proposed to predict the water vapor permeability of the membrane. Non-interconnected cylindrical pores were assumed. The pore size distribution of each membrane was obtained by means of the wet/dry flow method. The contribution of each mass transport mechanism was investigated. DCMD experiments were carried out using three types of microporous hydrophobic membranes under di¤er-ent temperature conditions. The water vapor permeability of each membrane was also predicted assuming uniform pore size obtained from the gas permeation test and the wet/dry flow method. The predicted water vapor permeability is compared with the corresponding ones calculated from the experimental DCMD flux using two methods.
Experimental

Materials
Three microporous hydrophobic flat-sheet membranes: (TF200, Gelman) made of polytetrafluoroethylene supported by a polypropylene net and the (GVHP and HVHP, Millipore) made of polyvinylidene fluoride membranes were used. These membranes are often used in microfiltration process. Their principal characteristics as specified by the manufacturers are the following: Isopropyl alcohol (GR grade, Merck, Ottawa, Canada) was used as wetting liquid to determine the void volume of the membranes.
Membrane characterization
2.2.1. Wet/dry flow method The bubble point together with the gas permeation tests known as the wet/dry flow method were employed for determining the maximum pore size, the mean pore size and the pore size distribution of the membranes. The procedure and the experimental set-up used were presented in a previous paper [8] . First, the gas permeation velocity, J d , is measured through a dried membrane at di¤erent transmembrane pressure di¤erences, DP. Then, the membrane is wetted by the isopropyl alcohol (IPA) and again the permeation velocity, J w , is measured for di¤erent DP values. In this study, the gas permeation velocity was measured at a temperature of about 25 C maintaining the downstream side at atmospheric pressure. The method suggested by Kesting in [9] was used in our previous study to obtain the pore size distribution [8] . In this paper, an alternative method is proposed in the theoretical section to determine the mean pore size, the geometric standard deviation and the pore size distribution.
Other membrane characteristics
The procedures and apparatuses used to obtain the following membrane characteristics were described in detail elsewhere [8] .
The LEPw is the pressure that must be applied onto pure water before it penetrates into the dried membrane pores. This pressure depends on the pore size and on the hydrophobicity of the membrane. It decreases as the maximum pore size increases and/or the water contact angle decreases.
Membrane void volume, e, defined as the volume of the pores divided by the total volume of the membrane, was determined by measuring the density of the membrane using isopropyl alcohol (IPA), which penetrates inside the pores of the membrane and pure water, which does not enter the pores.
The average pore size, m p , and the e¤ective porosity, e=L p , which is defined as the ratio of the porosity and the e¤ective pore length, L p , that takes into account the tortuosity of the membrane pores, have been determined using the gas permeation method. In this study, air was used as standard gas.
The membrane thickness, d, was measured with a micrometer Millitron (Mahr Feinprü f, Gö ttingen, Germany, type 1202 IC), with a precision of e0.1 mm, on more than ten spots for each membrane sample and the average values are given in this study together with the standard deviation. Due to the fact that TF200 membrane is supported by a backing propylene net, the membrane layer was pilled o¤ from the support and its thickness was measured.
2.2.3. Direct contact membrane distillation DCMD experiments were carried out by using the experimental system described elsewhere [5] . The experiments were conducted with pure water as feed. The central part of the system is a stainless steel cell composed of two cylindrical chambers. One of the chambers is connected to a heating system through its jacket to control the temperature of the liquid feed. The other chamber is connected to a cooling system to control the temperature of the permeate. The membrane was placed between the two chambers. The e¤ective membrane area is 2.75 10 À3 m 2 . The DCMD flux was calculated in every case by measuring the condensate collected in the permeate chamber for a predetermined period. The wet/dry flow method was used to determine the mean pore size, the geometric standard deviation and the pore size distribution. It was observed, for each wetted membrane by isopropyl alcohol (IPA), that the pores remain filled with IPA at low transmembrane pressure, DP, and the gas permeation velocity through the membrane, J w , is practically zero [8] . At a certain value of DP corresponding to the bubble point of the membrane, the largest pores will be opened and the gas permeation velocity starts to increase. Smaller membrane pores are opened as DP increases according to the Laplace equation. Finally, at the pressure corresponding to the minimum pore size, all the pores become empty. The ratio J w =J d is unity when DP is higher than this pressure and the flow curve returned to that obtained with a membrane dry sample. The two runs (dry and wet curves) permit the determination of the mean pore size, geometric standard deviation and pore size distribution using the following procedure:
For all pores with sizes below d p ð jÞ, i.e. pore in class j th ð j ¼ 1 . . . nÞ, the cumulative flow can be written as:
The di¤erential flow through pores in class j th with a pore diameter d p ð jÞ is:
Taking into account that the flow is proportional to the pore area, the number of pores with size d p ð jÞ is:
where K is a normalization factor that can be evaluated as:
Finally, the cumulative distribution of number of pores is:
As stated in a previous paper based on atomic force microscopy analysis [10] , the pore size distribution can be expressed by the probability density function (i.e. lognormal distribution) described by the following equation:
where d p is the pore size, s p is the geometric standard deviation and m p is the mean pore size of the membrane.
In this study, the function f ðd p Þ was used to fit the obtained cumulative distribution of relative number of pores, n a ð jÞ. The mean pore size, m p , together with the geometric standard deviation, s p , were then determined for each membrane.
In addition, the surface porosity, e s , defined as the ratio between the area of the pores to the total membrane surface area, can be calculated from Eq. (7).
where N is the number of pores per unit area, known as pore density and f j is the fraction of the number of pores with size d j .
It must be stated that the surface porosity, e s , is di¤erent to the void volume, e.
e ¼ e s t ð8Þ
where t is the pore tortuosity.
Finally, if the e¤ective membrane porosity, which takes into account the tortuosity of the membrane pores (i.e. e=L p ¼ e=td) is known, the number of pores per unit area can be calculated from the following equation:
Prediction of membrane water vapor permeability from pore size distribution
The transport of gas through porous media has been studied with theoretical models based on the kinetic theory of gases and di¤erent transport mechanisms have been proposed [1] [2] [3] [4] [5] . Non-interconnected cylindrical pores were assumed.
Due to the fact that in DCMD configuration both feed and permeate aqueous solutions are brought into contact with the membrane under atmospheric pressure, the total pressure is constant at Q1 atm resulting in negligible viscous flow [1, 5] .
In DCMD, mass transport across the membrane with di¤erent pore sizes occurs in three regions depending on the pore size and the mean free path, l w , of the transferring species [1, 11] : Knudsen region, continuum region (or ordinary di¤usion region) and transition region (or combined Knudsen/ordinary di¤usion region).
It must be pointed out that the Knudsen number, Kn, defined as the ratio of the mean free path of the gas to the pore size, provides a guideline in determining which mechanism is operative in a given pore under given experimental conditions. The mean free path can be calculated for water vapor using the following expression [12] :
where s w is the collision diameter (for water vapor is 2.641 Å ), k B is the Boltzmann constant, p the mean pressure within the membrane pores (the total pressure is 101.325 kPa for DCMD) and T the absolute temperature.
In the Knudsen region, the mean free path of the water molecules is large in relation with the membrane pore size (i.e. Kn > 1 or d p < l w ) and the molecule-pore wall collisions are dominant over the molecule-molecule collisions. In this case the water vapor permeability through a single cylindrical pore can be expressed as follows [12] :
where r k is the pore radius in the Knudsen region, M w is the molecular weight of water, R is the gas constant and d is the membrane thickness.
If Kn < 0:01 (i.e. d p > 100l w ), molecular di¤usion is used to describe the mass transport in continuum region caused by the virtually stagnant air trapped within each membrane pore due to the low solubility of air in water. In this case the following relationship can be used for the water vapor permeability of a pore having an area of pr 2 D in the ordinary di¤usion region [1] .
where D is the water di¤usion coe‰cient, P is the total pressure inside the pore, assumed constant, and equal to the sum of the partial pressures of air and water vapor, and p a is the air pressure in the membrane pore. In this study, the value of PD (Pa m 2 /s) for water-air was calculated from Eq. (13) [7] .
In transition region, 0:01 < Kn < 1 (i.e. l < d p < 100l), the mass transport takes place via a combined Knudsen/ordinary di¤usion mechanism and the following model is used to determine the water vapor permeability [1] .
where r t is the pore radius in transition region.
For a membrane having a distribution of pore size, all the above cited mechanisms can occur simultaneously, but to di¤erent extents, depending on the operating conditions. Therefore, the total DCMD water vapor permeability of the membrane can be estimated by considering each pore by applying the relevant equation through it and then summing the water vapor permeabilities over the entire system of pores. Noninterconnected cylindrical pores are assumed. Consequently, the total water vapor permeability of the membrane in DCMD configuration, B m w , can be written as:
where
and f j is the fraction of pores with pore radius r j , N is the total number of pores per unit area, m is the last class of pores in Knudsen region and p is the last class of pores in the transition region.
It is to be noted that in Eq. (15) the upper limit of each summation is altered depending on the maximum pore radius ðr max Þ. The following three cases are possible: (1) if ðr max < 0:5l w Þ, only Knudsen mechanism prevails; (2) if ð0:5l w < r max < 50l w Þ both Knudsen and transition mechanisms are applicable; and (3) if ðr max > 50l w Þ all mechanisms are operative simultaneously.
Prediction of membrane water vapor permeability from mean pore size
Eq. (15) can be simplified when an uniform pore radius 3r4 is assumed. Namely, when 3r4 < 0:5l w , Knudsen model is applied and Eq. (15) can be written as [1] :
while, when 0:5l w < 3r4 < 50l w , the transition flow will dominate and Eq. (15) is written as [1] :
3.4. Calculation of the water vapor permeability from DCMD experiments 3.4.1. Method 1 The molar flux of water vapor, F w , is linearly related to its partial pressure di¤erence across the membrane pores as stated in previous papers [1, 5] .
where p m; f and p m; p are the water partial pressures of the feed and permeate at the membrane surface, respectively.
The water vapor pressures within the membrane are not directly measurable, then it is convenient to express Eq. (20) in terms of temperatures. For low values of the transmembrane bulk temperature di¤erence (T b; f À T b; p a 10 K), the following expression may be used as indicated in [13] . where T m is the mean temperature and ðdp=dTÞ can be evaluated from the ClausiusClapeyron equation, using Antoine equation to calculate the vapor pressure [1, 13] . dp dT
where DH v is the water heat of vaporization.
Additionally, it is well known that in DCMD processes, simultaneous heat and mass transfers through the membrane occur and the temperatures at the vapor-liquid interfaces di¤er from the temperatures at the bulk phases, due to the temperature polarization e¤ect. The heat transfer within the membrane is due to the latent heat accompanying vapour flux and the heat transferred by conduction across the membrane material and across the gas-filled pores. Thus the overall process rate appears to be controlled by the heat and mass transfer through both the membrane and liquid phases and the following equations are applied [1, 5] .
where h f and h p are the heat transfer coe‰cients in the feed and permeate liquid, respectively; and k m is the thermal conductivity of the membrane, which can be calculated as [1] :
with k g and k s are the thermal conductivities of the gas phase and of the solid phase, respectively.
From Eqs. (21-23), the following expression may be reached [13] .
where, h is the heat transfer coe‰cient, defined as:
Eq. (25) 
Method 2: Semi-empirical model
The membrane temperature may be di¤er-ent from the one calculated for the bulk phases due to the fact that the heat transfer coe‰cients at each side of the membrane are expected to be di¤erent as the temperature and therefore the density, viscosity, thermal conductivity, heat capacity, etc. are di¤erent. As a consequence the temperature polarization in each phase adjoining the membrane, feed and permeate, must be di¤erent. On the other hand, the membrane permeability depends on temperature as can be expected from Eqs. (11), (12) and (14) 
In the above equations the heat transfer coe‰cients for turbulent liquid flow, h f and h p , can be determined by means of the following semi-empirical correlation [1] .
where Nu; Re and Pr are Nusselt, Reynolds and Prandtl numbers, respectively; the superscript m is 0.4 for heating and 0.3 for cooling; m b and m m are the water dynamic viscosity at the bulk and at the membrane surface, respectively.
In order to determine B m w , the following steps were carried out: Initially, a mean temperature is used to calculate the Re; Pr and Nu numbers. Subsequently, the membrane surface temperatures (T m; f and T m; p ) are calculated by applying Eqs. (27) and (28). The mean temperature (T m; f þ T m; p Þ=2 is evaluated and the Re; Pr and Nu numbers are calculated again. This procedure is repeated until the di¤erence between two successive mean temperatures is less than 10 À7 %. Finally, the vapor pressure of the feed and permeate at the membrane surface is determined from the last values of T m; f and T m; p and the membrane permeability is calculated using Eq. (20). Table 1 lists the obtained characteristics of the studied membranes. It can be observed that the membrane TF200 exhibits higher LEPw values than the GVHP one. This may be attributed to the lower maximum pore size and to the higher hydrophobicity of the polytetrafluoroethylene polymer. For the membranes GVHP and HVHP prepared with the same polymer (i.e. polyvinylidene fluoride), the LEPw of the HVHP membrane is lower than that of the GVHP one. This is due to the higher pore size of the membrane HVHP.
Results and discussion
Results on morphological characterization of MD membranes
The void volume of the membranes GVHP and HVHP are specified as 75% by the manufacturer, while that of TF200 is 80%. However, the measured void volume of these membranes (Table 1) are lower than these values. This may be attributed to the di¤erent techniques used. Moreover, the membranes GVHP and HVHP are thicker than the membrane TF200. This may induce lower e¤ective membrane porosity for these membranes, as found from the gas permeation test. In fact, the e¤ec-tive porosity is about 2.8 and 2.7 times higher for the membrane TF200 than for the membranes GVHP and HVHP, respectively.
It must be stated that the mean pore size of the membrane TF200, determined from the gas permeation test, is almost the same as the value given by the manufacturer, while those obtained for the membranes GVHP and HVHP were higher.
The average pore size and the pore size distribution of the membranes were also determined by the wet/dry flow method as stated earlier. In Figure 1 , the cumulative pore size distribution data obtained from Eqs. (1) (2) (3) (4) (5) are shown together with the fitting curves to the log-normal distribution function. Reasonably high correlation coe‰cients were obtained for all membranes ðr 2 > 0:996Þ. The mean pore size and the geometric standard deviation were determined from the fitting curves. The results are given in Table 2 . From these data the probability density function curves were generated for both membranes and presented in Figure 2 . From Figures 1 and 2 it can be observed that the pore size distribution curve of the membrane TF200 is higher and narrower around the mean pore size and is shifted to the left in comparison to the pore size distributions of the membranes GVHP and HVHP. The mean pore sizes of the membranes, determined from the wet/dry flow method, follow the same sequence as those determined from the gas permeation test. However, the mean pore sizes determined from the wet/dry flow method are 6.2% and 2.7% lower than those obtained from the gas permeation test for the membranes GVHP and HVHP, respectively. For the TF200 membrane the mean pore size determined from the wet/dry flow method is 17.3% larger than that determined from the gas permeation test. Other authors [7] , by using the field emission scanning electron microscopy (FESEM), reported mean pore sizes of 251 nm for GVHP membrane and 414 nm for HVHP membrane, which are slightly lower than the ones obtained in this study from the gas permeation test and the wet/dry flow method. This may be attributed to pore contraction during metal-coating of the membrane sample, which is required to produce the FESEM images.
In addition, the obtained values of the geometrical standard deviation, s p , of all membranes were close to unity although the Millipore membranes and the Gelman one were prepared with di¤erent polymers and di¤erent techniques. Pore density, N, and surface porosity, e s , were calculated using the pore size distributions ( Figure 2 ) and Eqs. (9) and (7), respectively. The results are also summarized in Table 2 . In comparison to the membrane TF200, it can be seen that the pore density and surface porosity of the Millipore membranes are lower; while the void volume given in Table 1 are higher. This may be attributed to the larger thickness and to the higher pore tortuosity of the Millipore membranes.
The tortuosity factor was calculated from the void volume, e, and the e¤ective porosity, e=L p , determined by the gas permeation test. L p is the e¤ective pore length that takes into consideration the tortuosity e¤ect (i.e. L p ¼ td). The so obtained values are given in Table 2 . The calculated pore tortuosity of the membranes GVHP and HVHP are higher than that of the membrane TF200. This may be attributed to the higher membrane thickness of the Millipore membranes and also to the di¤erent polymers (i.e. PTFE, PVDF) and membrane preparation techniques used. In MD studies, a value of 2 is frequently assumed for tortuosity factor [1, 7, 13] .
Water vapor permeability of the membranes
The dependence of the involved operating parameters such as feed and permeate temperatures and circulation velocities on the mass transfer in DCMD applications has been investigated previously [1, 14] . In this study, the water vapor permeability of the membranes was obtained using pure water as feed. The conditions of the experiments were 500 rpm stirring rate in both chambers, mean temperatures varying from 20 C to 55 C, with steps of 5 C and bulk temperature di¤erence of 10 C. In Figure 3 , the measured flux is plotted versus the mean temperature. The increase of the flux with the mean temperature may be explained from the exponential increase of the vapor pressure with temperature, as stated by Antoine's equation. The data in Figure 2 Probability density curves of the membranes TF200, GVHP and HVHP membranes. Figure 3 were fitted according to the following expression by the using the non-linear w 2 minimization method as reported in [14] :
The obtained correlation coe‰cients are higher than 0.995. It can be seen that the DCMD flux of the TF200 membrane was higher than that obtained by using the GVHP and HVHP membranes. This result may be due to the higher tortuosity factor and higher thickness of the later membranes. Moreover, the flux of the membrane HVHP is higher than that of the membrane GVHP. This is due to the larger pore size of the membrane HVHP.
The heat transfer coe‰cient, h, and the water vapor permeability, B m w , have been obtained from the experimental data presented in Figure 3 according to the method 1 (Eq. 25). It is worth mentioning that dp=dT was evaluated for the average temperature determined from the bulk feed and permeate temperatures. The results of both membranes are shown in Figure 4 . Straight lines, with reasonably high correlation coe‰cients ðr 2 > 0:999Þ, are obtained. The h values determined from the intercept of the lines are ð31 e 2Þ Â 10 2 W m À2 K À1 for TF200 membrane, ð35 e 3Þ Â 10 2 W m À2 K À1 for GVHP membrane and ð46 e 5Þ Â 10 2 W m À2 K
À1
for HVHP membrane.
In order to evaluate the B m w coe‰cients from the slope of the lines in Figure 4 , the thermal conductivity of the porous membranes k m was estimated from the following values:
for GVHP membrane [15, 16] . Under the present experimental conditions, the obtained values of the thermal conductivity, k m , using Eq. (24) 0.088 W m À1 K À1 . These values are higher than those determined experimentally in [4] for the same membranes (0.041 W m À1 K À1 for GVHP and HVHP membranes and 0.043 W m À1 K À1 for the membrane TF200). By using the calculated k m values from Eq. (24) or the experimental ones adopted from [4] , the calculated membrane permeability variation is less than 4 Â 10 À6 % for the membranes GVHP and HVHP, and less than 4 Â 10 À5 % for the membrane TF200. for the membrane HVHP.
The permeability of each membrane was also calculated using the semi-empirical model (Method 2). The results are summarized in Table 3 , as function of the mean temperature, for each membrane. For all membranes, it can be seen that B m w increases with temperature and are higher than the ones obtained from Eq. (25) (Method 1).
Under the experimental conditions used in this study, the calculated mean free path of water vapor, l w , increases from 128.9 nm to 146.5 nm as the mean temperature increases from 20 C to 60 C. From the data presented in Figures 1 and 2 , it was found that the maximum pore size of both membranes is lower than 100l w and only Knudsen and transition regions are taken into account. Therefore, Eq. (15) can be modified by neglecting the third term corresponding to the ordinary di¤usion region. Hence, the membranes having pores with size (i.e. diameter) below l w lend themselves to the Knudsen region and all pores having sizes between l w and 100l w are considered in transition region. The proportions of Knudsen and transition regions can be evaluated by the cumulative pore size distribution presented in Figure 1 . It was found that the mass transport has a major contribution in the transition region for all membranes (i.e. more than 98.7%). This means that the majority of membrane area belongs to the combined Knudsen/ordinary di¤usion region. Table 3 as function of the mean temperature (rows II in Table 3 ). For the tested membranes, it can be seen that the predicted water vapor permeability increases with the mean temperature and is higher for the membrane TF200. However, from Knudsen flow model (Eq. 11), the mass transport is inversely proportional to the temperature. This indicates that for all membranes the predominant transport mechanism is the molecular di¤usion. In fact, the highest contribution to the total flux of Knudsen flux is 1:0 Â 10 À6 % for GVHP membrane, 3:0 Â 10 À10 % for HVHP membrane and 5:2 Â 10 À10 % for TF200 membrane. As stated earlier, from the pore size distribution, Knudsen contribution is very low while practically 99% of pores are in the transition region. As an example, Figure 5 shows the variation of the water vapor permeability versus pore size of the membranes GVHP and TF200, when the mean temperature is 40 C. At this temperature, the mean free path of water vapor is about 137.7 nm. A visual inspection of Figure 5 suggests that the ordinary flow model is predominant for mass transport in DCMD configuration as all the pores having pore size lower than 137.7 nm have B m w values near zero for both membranes. It must be pointed out that for the membranes GVHP and TF200, the predicted water vapor permeability considering pore size distributions, Eq. (15), is slightly higher than the calculated ones from the semi-empirical model (Method 2). However, for the membrane HVHP the calculated permeability using method 2 is slightly higher than that obtained considering pore size distribution and Eq. (15). In addition, the e¤ects of the pore size distribution on the water vapor permeability was examined by comparing the water vapor permeability calculated from Eq. (15), which takes into account the pore size distributions with those obtained from Eqs.
(18) and (19), in which an uniform pore size (i.e. mean pore size) is assumed. In the latter calculation, two di¤erent sources of the mean pore sizes; i.e. one obtained from gas permeation experiments (Table 1 ) and the other obtained by the wet/dry flow method (Table 2) , were used.
In the studied range of temperatures, the mean pore sizes are between l w and 100l w . Therefore, the mean pore sizes belonged to the transition region and Eq. (19) was used. The results are also shown in Table 3 (rows III and IV).
Comparing the water vapor permeability calculated with the pore size distribution and with the mean pore sizes (given in Table 2 ), both obtained from the wet/dry flow method, those calculated by including the e¤ect of pore size distribution were slightly higher than those predicted from the mean pore size. This may be attributed to the low values of the geometric standard deviations, which were found to be near unity for the three membranes. This is a common characteristic of commercial membranes. If other porous membranes with higher geometric standard deviations are used, larger discrepancy may be detected between the predicted values including pore size distribution and those predicted assuming uniform mean pore size for all membrane area. This statement is evident in Figure 6 , which shows the e¤ect of the geometric standard deviation on the water vapor permeability of the membrane GVHP for each mean temperature. Similar curves can be plotted for the other two membranes. For the membrane TF200, the enhancement of the water vapor permeability is 24.4% at 20 C and 33.9% at 60 C when the geometric standard deviation increases from 1.07 to 2. For the membrane HVHP, the increase is 12.0% at 20 C and 17.3% at 60 C when the geometric standard deviation increases from 1.19 to 2. C. Table 3 also shows the predicted water vapor permeability using the mean pore size and the e¤ective porosity determined from the gas permeation test (rows IV in Table  3 ). For GVHP membrane the obtained B m w values were slightly higher than those obtained using the pore size distribution. In contrast, for TF200 and HVHP membranes the predicted B m w values for the mean pore size determined based on the gas permeation test were lower than those predicted by considering pore size distribution.
From the data given in Table 3 , the discrepancy between the predicted water vapor permeabilities from the di¤erent methods is 7.8% for the membrane TF200, 7.6% for the membrane GVHP and 3.3% for the membrane HVHP, in the worst case. For the three commercial membranes, the mean pore size may be assumed as uniform pore size for the entire membrane to predict the water vapor permeability of the membranes and the mean pore size can be obtained from the wet/dry flow method or from the gas permeation test. However, special care must be taken into account when one uses other membranes, especially laboratory made membranes, with broader pore size distributions than the commercial membranes used in this study.
Conclusions
Three types of microporous hydrophobic membranes, polyvinylidene fluoride (GVHP and HVHP) and polytetrafluoroethylene (TF200), were characterized and applied in direct contact membrane distillation, DCMD, processes. The mean pore size and the pore size distribution were determined. The mass transport for the three membranes lies in the transition region and the molecular di¤usion is the predominant. The Knudsen contribution to mass transport was insignificant. The flux increases exponentially with the mean temperature and is higher for the membrane TF200. This was attributed to the high e¤ective porosity of this membrane.
The water vapor permeability obtained from the semi-empirical model (Method 2) increases with temperature and is higher than that obtained from method 1. The later method (Method 1) can not be applied to determine the water vapor permeability of the membranes as an unique value is obtained for each membrane for all range of mean temperatures.
A theoretical model that considers the pore size distribution of the membranes was developed. It was found that the predicted water vapor permeability also increases with temperature and is higher for the membrane TF200 than for the PVDF membranes.
DCMD water vapor permeability calculated by considering the pore size distribution is slightly higher than that obtained assuming a mean pore size for the whole membrane. This was attributed to the low values of the geometric standard deviation of the commercial membranes used, which were found to be near unity. For membranes with higher geometric standard deviations, a large discrepancy is found between the predicted membrane water vapor permeability considering the pore size distribution and the predicted one from the mean pore size. Therefore, care must be taken when one uses the mean pore size instead of the pore size distribution to predict the permeability of porous membranes. 
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